We introduce a fiber-optic architecture for neural recording without contrast agents, and study its properties theoretically. Our sensor design is inspired by electrooptic modulators, which modulate the refractive index of a waveguide by applying an electric field across an electrooptic core material, and allows recording of the activities of individual neurons located at points along a 10 cm length of optical fiber with 20 µm axial resolution, sensitivity down to 100 µV and a dynamic range of up to 1 V using commercially available optical reflectometers as readout devices. A key concept of the design is the ability to create an "intensified" electric field inside an optical waveguide by applying the extracellular voltage from a neural spike over a nanoscopic distance. Implementing this concept requires the use of ultrathin high-dielectric capacitor layers. If suitable materials can be found -possessing favorable properties with respect to toxicity, ohmic junctions, and surface capacitance -then such sensing fibers could, in principle, be scaled down to few-micron cross-sections for minimally invasive neural interfacing. Custom-designed multi-material optical fibers, probed using a reflectometric readout, may therefore provide a powerful platform for neural sensing.
Introduction
The extracellular electrode is a classic neural recording technology. The electrode is essentially a conductive wire, insulated except at its tip, placed in the extracellular medium within a few hundred microns of a neuron of interest, where it samples the local voltage relative to a ground lead. 1 This voltage differential, typically on the order of 100 µV in response to an action potential from a nearby neuron, 2 is then amplified and digitized.
The virtues of the electrode are twofold. First, the technique can reach single neuron precision by virtue of the electrode being inserted close to the measured neuron. Second, no exogenous contrast agents (i.e., genetically encoded fluorescent proteins, voltage sensitive nanoparticles, chemical dyes) are necessary: the endogenously generated electric currents in the brain are sensed directly in the form of a voltage. Ideally, for a neurotechnology to be medically valuable for a large number of human patients in a reasonably short timescale, it should not require modification of the neuron.
Yet, while multi-electrode arrays allow the insertion of many electrodes into a brain, electrodes have limitations 2 in scaling to the simultaneous observation of large numbers of neurons. The electrical Johnson noise scales as R 1 2 , leading to voltage noise levels on the order of 10 µV in standard practice. Moreover, the bandwidth of an electrical wire is limited by the cross-sectional area of the wire, due to capacitance. These factors pose limits on the scalability of electrode-based recording, as described further in Section 3.2.
In order to maintain the advantages of electrodes -single neuron precision based on endogenous neural signals -while enabling improved scaling performance, we turn to photonics. Telecommunications has moved from electrical to optical data transmission because of the high bandwidths and low power losses enabled by optics in comparison to electrical conductors; 3 the same may be helpful for neural readout technologies. Because optical radiation heats brain tissue and scatters off tissue inhomogeneities, a wired (i.e., fiber or waveguide based) optical solution may be desirable, i.e., using optical fibers to guide light so that it need not travel through the tissue itself.
Second, to minimize volume displacement, signals from many neurons should be multiplexed into each optical fiber. Third, ideally the sensing mechanism would rely only on endogenous signals, e.g., electrical, magnetic or acoustic fields from the firing neurons, rather than imposing a need for exogenous protein or nanoparticle contrast agents. With on the order of 100,000 neurons per mm 3 in the cortex, or a median spacing of roughly one neuron per cube of size 21.5 µm, we require an axial resolution of sensing in the range of 20 µm. Note that every neuron in a mammalian brain is within a few tens of microns of the nearest capillary, 4 well within the distance necessary for direct electrical sensing of the action potential, 2 and thus in principle the fine microvessels of the cerebral vasculature could serve as a delivery route for neural activity sensors, if the fibers could be made sufficiently thin, 5 i.e, well below 10 µm for the smallest capillaries. Thus, the system should be compatible with a variety of form factors, e.g., thin flexible fibers suitable for minimally invasive endovascular delivery, 5, 6 or rigid pillars suitable for direct penetration of the brain parenchyma.
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Our proposed architecture is based on two powerful technologies developed by the photonics industry: fiber optic reflectometry, which enables optical fibers to act as distributed sensors, [8] [9] [10] [11] and electrooptic modulators based on the plasma dispersion effect, which generate large changes in the index of refraction of a waveguide in response to relatively small applied voltages. [12] [13] [14] [15] [16] By combining reflectometry with electro-optic modulation, we demonstrate that it would be possible to do spatially multiplexed neural recording in a single optical fiber.
Design Principles
Reflectometers are capable of measuring changes in the index of refraction along the length of an optical fiber by sending optical pulses down the length of the fiber and recording the times and magnitudes of returning reflections. 9 We propose to use reflectometry to sense neural activity at many points along the length of an optical fiber, as shown in figure 1A . The local voltage at a given position along the fiber would modulate its local index of refraction via the free carrier dispersion effect, giving rise to reflections. A reflectometer located outside the brain would then determine, An optical fiber inserted into the brain acts as a distributed sensor for neuronal activity, which is read out reflectometrically. B) Structure of the reflectometric probe. When a voltage is applied across the nanosheet capacitor insulator layer, free holes in the inner conductor and in the silicon build up on the surface of the insulator layer and alter the refractive index. In order to magnify number of charge carriers accumulated on the surface of the insulator layer, an insulating film with an extremely large dielectric constant is used. C) Circuit diagram of the device. The circuit diagram of the device consists of a resistor representing each of the material layers between the neuron and ground, and two capacitors, one of which (C ext ) represents the interfacial capacitance and the other of which (C ins ) represents the capacitance of the insulating layer. The effective series resistance R ESR of the insulating region capacitor can be ignored provided the insulating region has dielectric loss tan(δ) ≪ 1, and the parallel resistance of the insulating layer R ins can be ignored provided it is much larger than R ground . If in addition R ground is chosen to be larger than the other resistances in the circuit, the capacitances C ins and C ext may be treated as series capacitances (see text).
at each time, the spatial profile of extracellular voltage along the length of the fiber.
Fiber-Optic Reflectometry
The sensitivity of a reflectometer is given in terms of fractional power reflected relative to the input power, measured in decibels. To determine the magnitude of the reflections generated by a change in local refractive index inside a fiber, note that when an electromagnetic plane wave propagates in a material with refractive index n 1 , and is normally incident on a material with refractive index n 2 , the intensity reflected is given by the Fresnel equation
Assuming small changes in n, we can approximate R by
Expressed in decibels, the magnitude of the reflections generated by the change in refractive index is 10 log 10 (R).
Below, we will assume the use of reflectometers that can achieve 20 µm spatial resolution and sensitivities down to −130 dB (corresponding to R ∼ 10 −13 ) with 12 Hz repetition rates over 8.5 m.
This corresponds to a measurement time of 1 ms for any given 10 cm segment of fiber, so using a similar device we anticipate that it would be possible to sense reflections along the length of a If additional speed is required, even faster reflectometers are available that achieve similar sensitivities; one reflectometer has been demonstrated that achieves −130 dB sensitivity over 2 km with millimeter spatial resolution and a 10 Hz repetition rate, 18 corresponding to a sensing rate of 2 × 10 7 measurements per second, a factor of 4 improvement over the commercial reflectometer mentioned above. If additional sensitivity is needed, reflectometers can achieve sensitivities as low as −148 dB, 19 while systems using fiber-based optical amplifiers and super-fluorescent fiber sources can achieve sensitivities as low as −160 dB, which is nearly shot-noise limited. 20 
Electro-optic modulation
Silicon electro-optic modulators are widely used in photonics to alter the propagation of light through a material in response to an applied voltage. 15, 21 Typical applications of electrooptic modulators take the form of electrically controlled optical switches: signals on the order of 5 V are used to drive optical phase shifts on the order of π. These devices are optimized for GHz bandwidths, with the goal of providing high speed, low power microchip interconnects, 14 with bandwidths up to 30 GHz possible. 22 Here, however, we are interested in the application of similar device physics to a very different problem: sensing extracellular neuronal voltages on the order of 100 µV at 1 kHz rates. Thus, our required switching rate is 1 millionfold slower, yet our required sensitivity is on the order of 1 millionfold better. We are thus concerned with the design of electrooptic modulators optimized for sensitivity rather than bandwidth.
Insufficiency of endogenous electric fields
The voltages present in the extracellular medium due to neural activity range from 10 µV to 1000 µV, with electric fields on the order of 1 V m −1 . 2 These electric field arise from the fact that the extracellular voltage from a spiking neuron decays over a distance on the order of 100 µm.
Note that the transmembrane voltage during an action potential is much larger, on the order of 100 mV.
Although it is possible to measure electric fields down to microvolts per meter using refractive index sensors, such sensors rely on very long sensing distances and can only measure the average field over the length of the fiber. 8, [23] [24] [25] For measurements that preserve spatial information, sensitivities down to hundreds of volts per meter have been obtained using the Stark shift. [26] [27] [28] [29] Thus, the endogenous electric fields in the brain are too small to be directly read out using such physical coupling strategies in conjunction with optical reflectometers.
For sensing, it will therefore be necessary to create an intensified electric field E = V /d by causing the extracellular voltage V to drop over a nanoscopically narrow region of insulating material of thickness d. This intensified electric field could then in principle be detected electrooptically.
The free carrier dispersion effect
The design shown in figure 1B consists of an extended multi-layer semiconductor waveguide on a grounded metal substrate, surrounded on three sides by insulation and on the fourth side by brain tissue or extracellular fluid. The "outer conductor," "inner conductor," and "silicon" core layers are weak conductors which function as resistive layers between the brain and ground. Between the core and outer conductor there is an ultra-thin insulator layer that functions as a capacitor with large capacitance, over which most of the voltage drops. Light propagates through the silicon waveguide core, which is doped to achieve sufficiently high conductivity to allow most of the voltage to drop over the insulator layer. Note that the inner conductor is chosen to be thick enough to prevent optical attenuation due to the metal substrate (although there are other possible methods to reduce attenuation due to the metal, e.g., by removing the metal from the region directly under the waveguide, as in 13 ) , and the metal substrate is chosen thick enough to provide a high-fidelity ground throughout the fiber. Clearly, the index of refraction of the inner and outer conductors must be smaller than that of the silicon core, which is assumed to be around 3 at telecommunications frequencies.
The design relies on the free carrier dispersion effect (also known as the plasma dispersion effect) in silicon: the index of refraction within the silicon core changes due to the injection of charge carriers into the silicon when an electric field is applied across the thin insulator layer. 13, 30, 31 In addition to the free carrier effect, there exist other modalities of electrooptic modulation, such as the linear electrooptic (Pockels) effect, 32 the quadratic electrooptic effect (Kerr) effect 33 and the Stark effect. 26 All of these effects benefit from reducing the thickness d of the insulator layer to create a large electric field V /d. 34 However, the magnitude of the free carrier dispersion effect may be increased further by increasing the dielectric constant of the insulator layer. For a material with a suitably large value of ǫ/d, the change in refractive index due to the free carrier effect will be much larger than the changes that can be obtained via the other electrooptic effects. Many current integrated semiconductor electrooptic modulators are based on the free carrier dispersion effect. 12, 13 Changes in the index of refraction in the free carrier modulated sub-layer of the silicon may be modeled as changes in the overall effective index of refraction of the fiber. 35 The magnitude of this effective change is given by weighting the magnitude of the change in the free carrier modulated layer by the percentage of power contained in that layer, i.e.,
where n active is the index of refraction in the free carrier modulated layer and 1 − η is the fraction of the power in the beam contained in the active region.
We will denote by d the thickness of the insulator layer, by b the thickness of the layer of injected charge carriers in the silicon, and by a the remaining thickness of the silicon layer. An order-of-magnitude approximation for η is then given by
and we have
For this reason, the silicon waveguide is chosen to be thin to maximize the percentage of the optical wave contained in the layer containing the injected charges. Because of the deep subwavelength thickness of the active layer, a precise calculation of ∆n eff could be done using a full vectorial
Maxwell simulation of the waveguide modes, 13 but for our purposes the approximation of equation 6 suffices to illustrate the basic scaling.
Upon applying a voltage across the insulating layer capacitor, the density of charge carriers injected into the active layer inside the silicon core, denoted by ∆c, is simply given by the equation for capacitance:
where C ins is the capacitance of the insulating region, A is the area over which the charges are distributed, b is the thickness of the layer of injected charge carriers in the silicon, and ∆V ins is the voltage dropped over the insulating region. Equation (7) may be recast in terms of the total voltage ∆V applied over the device by introducing an effective capacitance C eff , such that
In practice, C eff will only deviate significantly from C ins when the capacitance of the brain-fiber interface is significant (discussed below). The change in refractive index in the region with the injected charge is related to the change in the carrier concentration by a power law. 31 When the injected carriers are holes, the magnitude of the electrooptic effect is greatest. The relation is then, for the change in refractive index in the injected charge region,
where C h is an empirically defined constant.
For silicon, the value of C h is given by, 13 for 1.55 µm light,
Similar values are obtained for other semiconductors and other wavelengths. 31, 36 To find the effective refractive index within the silicon waveguide, we multiply equation (9) by the volume factor 1 − η from equation (5) . Assuming b ≪ a (i.e., that the injected charge layer is deeply sub-wavelength while the waveguide core thickness is on the same order as the wavelength), we find
Since b will be on the order of 10 nm, we will henceforth assume b 0.2 ≈ 0.01 m 0.2 .
Effect of the brain-electrode interface
The brain-electrode interface also has a finite capacitance C ext of approximately 1 F m −2 , 37, 38 which arises due to the presence of a double-layer and which can be calculated via the Gouy-Chapman equation. Figure 1C shows a circuit diagram of the device which includes this interfacial capacitance. At < 1000 Hz, and subject to appropriate materials choices (see section 3.1), the impedance of the circuit is dominated by the two capacitors C ins and C ext rather than by purely resistive elements of the circuit. For this reason, we may ignore the purely resistive elements and treat the two capacitances as though they were in series. To a good approximation, therefore, the charge that accumulates on the surface of the insulating region in response to a voltage ∆V across the entire device is given by
where the effective capacitance C eff of the surface and insulating region capacitors in series is
The capacitance of the insulating region is given by
where d is the thickness of the insulating region, ǫ is the relative permittivity, A is the sensing area of the device, and ǫ 0 is the permittivity of free space. The capacitance per unit area is specified by ǫ/d, which will be the primary figure of merit for determining the sensitivity, noise, and dynamic range of the device.
The effective capacitance C eff is shown in figure 2A as a function of ǫ/d, assuming a surface capacitance per unit area of approximately 1 F m −237, 38 and a sensing length of 20 µm. Note that because a pair of series capacitors is dominated by the smaller capacitor, the silicon waveguide core is kept only 500 nm wide in order to ensure that the capacitance per unit length of the insulating layer remains smaller than the capacitance per unit length of the 12 µm-wide brain-fiber interface.
Noise
The RMS amplitude of the Johnson noise in the voltage across the capacitor is given by
where ∆F = 1/(2πR c C eff ) and R c is the total resistance governing charging/discharging of the capacitor. Hence
which does not depend on the resistance R c .
Dynamic range
In addition to the constraints on the minimum resolvable voltage described above, the maximum resolvable voltage is limited by the total number of charge carriers available in the outer conductor layer. In particular, if a voltage V is applied over the device capacitance C eff , a number of charge carriers equal to V C eff /e must be recruited to the surface of the insulator layer, where e is the electron charge. Hence, if the outer conductor has a volume of V associated with each recording site and a free charge carrier density equal to c, the saturation voltage is given by
For this reason, the outer conductor layer is chosen to occupy most of the thickness of the fiber in order to maximize the dynamic range.
Predicted properties
The key figure of merit determining the properties of the device is ǫ/d, where ǫ is the dielectric constant of the insulating layer and d is the thickness of the insulating layer. The figure of merit is proportional to the capacitance per unit area of the insulating region, and it determines the sensitivity, noise, and dynamic range via equations (11), (16) , and (17) . In figure 2B , the sensitivity 
Required material properties
The primary electrical constraint on the device is that the impedance at 1 kHz must be dominated by the insulator capacitance. If the capacitance per unit area of the capacitor is 0.1 F m −1 , corresponding to a value of ǫ/d equal to 10 10 m −1 , then the capacitance of a region with width 12 µm and length 20 µm is 24 pF, corresponding to an impedance of 4 × 10 7 Ω at 1 kHz. Assuming that the metal layer has a resistivity no greater than 100 nΩ m (10x that of silver), if the metal layer is made at least 500 nm thick, it will have a resistance of 10 000 Ω along the entire length of the fiber, which is much less than that of a single sensing region of the capacitor, and which is also large enough for the input impedance of an implanted recording device. 39 Moreover, in this case, the RC-time constant of the system consisting of the metal ground and the effective capacitor (for a single sensing region) will be 240 ns, which is much less than 1 ms. The resistance of the inner conductor, outer conductor, and core will be negligible compared to the huge capacitive impedance, provided they are chosen to be semiconductors. The inner conductor must be chosen to make ohmic junctions with the metal and silicon layers.
In addition, the outer conductor is constrained by the requirement that its conductivity be less than or on the order of that of the extracellular medium (approximately 0.
to avoid lateral propagation of the electrical signals from the brain along the length of the fiber.
Finally, to maximize the saturation voltage, it is necessary to choose the outer conductor to have a large free carrier density. These two properties can be satisfied simultaneously using a semiconductor with very low mobility. As an example, nickel oxide is a p-type semiconductor known to have a mobility between 0.1 cm 2 V −1 s −1 and 1 cm 2 V −1 s −1 , but with a conductivity of 0.1 S m −1 to 1 S m −1 in the undoped state, 42, 43 corresponding to a free carrier concentration on the order of 5 × 10 16 cm −3 , which is ideal for our application. With these material properties, the saturation voltage can be calculated from equation (17) as a function of the figure of merit ǫ/d, and is shown in figure 2C . Alternatively, films of semiconducting nanoparticles may provide similarly large carrier concentrations at low mobilities, and may be significantly simpler to fabricate. 44 
Comparison of electrical and optical performances
The bandwidth of an electrical wire is limited by its cross-sectional area by
where ρ is the resistivity of the wire, L its length, A its cross-sectional area, α is the thickness of the insulation as a fraction of the thickness of the wire, ǫ r is the dielectric constant of the medium surrounding the conductor and ǫ 0 is the permittivity of free space. For any given value of the bandwidth, equation (18) specifies a minimum total cross-sectional conductor area that must be available to convey the information. Note that, according to the Shannon-Hartley theorem, the bandwidth required to achieve an information rate I is given in terms of the signal power S and noise power N by
Optical waves can be spatially confined to channels with thickness on the order of the wavelength of light (or below, e.g., using high-index-contrast polymer fibers or nanoslot waveguides 45 ), yet can transmit data at rates of terabits per second over long distances. To be specific, an information rate of roughly I = 10 4 bits per second per neuron is required for analog neural recording.
At a signal to noise ratio of 10, sensing 1000 neurons requires a bandwidth of roughly 3 × 10 7 Hz via equation (19) . In theory, this is trivial even for an optical channel of 500 nm width and 10 cm length; yet for an electrical channel consisting of a 500 nm wide electrical conductor, 500 nm insulation and 10 cm length, this is already at the limit of achievable bandwidth as calculated from equations (18) and (19) . In practice, the field of electrical recording has advanced greatly in re-cent years, and efforts are underway to package ∼ 1000 electrical recording sites into shanks with 50 µm width. 1, 46 However, our calculations suggest that with further miniaturization, optical methods will surpass the fundamental limits of wired electrodes in terms of space efficiency. Thus, improvements in nanophotonic miniaturization could become a key enabler for the comprehensive optical readout of neural circuit dynamics.
Discussion
Ultra-large-scale neural recording is highly constrained both by physics and by the biology of the brain. 2 Here we have argued that an architecture for scalable neural recording could combine a) the use of optical rather than electronic signal transmission to maximize bandwidth, b) confined rather than free space optics to obviate the effects of light scattering and absorption in the tissue, c) spatial or wavelength multiplexing within each optical fiber in order to minimize total tissue volume displacement, d) a thin form factor to enable potential deployment of fibers via the cerebral vasculature, e) direct electrical sensing to remove the need for exogenous dyes or for genetically encoded contrast agents.
In our proposed design, the 100 µV scale extracellular voltage resulting from a neuronal spike is applied across a nanoscopically thin, high-dielectric capacitor. Charging of the capacitor results in the buildup of free charge carriers in the neighboring silicon waveguide core, altering the local refractive index of the silicon and causing a detectable optical reflection. Reflectometry then enables multiplexed readout of these spike-induced reflections.
A key challenge in implementing such a design is to achieve a figure of merit ǫ/d for the capacitor in excess of 10 11 . While current nanosheet capacitors [47] [48] [49] approach ǫ/d ≈ 10 11 , achieving sufficiently high figure of merit in a practical fabrication process may be difficult. Alternatively, there exist ultra-high-dielectric (ǫ > 10 5 ) materials such as calcium copper titanate, 50 but much of their dielectric behavior derives from boundaries between microscopic crystal grains, and whether these materials can maintain their dielectric properties in sufficiently thin nanoscopic layers is unclear. Another challenge is to maintain high carrier concentrations in the outer conductor without creating high electron mobilities which could lead to attenuation of the optical wave propagating in the nearby core. The 12 µm thickness of the device presented here is likewise limited by material concerns. If the carrier concentration of the outer conductor could be increased while maintaining low mobility, further miniaturization of the device would be possible.
If appropriate materials combinations can be fabricated, we have shown that the device could achieve the requisite sensitivity, noise level, dynamic range and response time for recording both neural spikes and local field potentials. More broadly, our results suggest that integrated photonics could enable highly multiplexed readout of neuronal electrical signals via purely optical channels.
